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Abstract 
We report the crystal growth and optical spectroscopy of co-doped monoclinic (Ho,Yb):KLu(WO4)2 single crystals. Macro- 
defect free single crystals with different co-doping ratios were grown by using Top Seeded Solution Growth -Slow Cooling 
method (TSSG –SC). The spectroscopic characterization at room temperature of this material in terms of polarized optical 
absorption and photoluminescence was performed showing that this compound is a potential solid state laser material for the 
generation of 2 ȝm laser emission. 
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1. Introduction 
The development of eye-safe solid-state lasers in the near infrared range is of special interest due to their 
potential scientific and technological applications. Intense research is devoted to generate laser emission around 2 
ȝm from Tm3+ and Ho3+ ions because of their eye safe nature and  practical applications in the field of medicine and 
remote sensing [1]. In particular, the emission from Ho3+ is slightly above the 2 ȝm but the technological problem of 
efficient pumping of Ho3+  is the reason why many authors used Tm3+   as sensitizer of the Ho3+ [2,3]. On the other 
hand, the use of Yb3+ [4,5] as sensitizer of Ho3+  is also an option due  to efficient energy transfer between Yb3+ and 
Ho3+ and also the existence of commercially available high-power diode lasers operating around 980 nm suitable for 
pumping Yb3+ ions.  
The monoclinic double tungstate crystals, KRE(WO4)2 (RE = Y,Gd and Lu), shortly KREW, have demonstrated 
to be excellent laser hosts for several laser active ions. For example, efficient laser action of Yb3+ around 1ȝm and 
Tm3+ around 2ȝm has been reported [6]. These materials stand out because of the large absorption and emission 
cross-section and the long ion-to-ion separation that makes the doping at high levels feasible with reduced 
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concentration quenching of the fluorescence. These features made us confident that the Ho-doped KREW crystals 
could be used for IR laser generation well above 2 ȝm. 
 In this context, our goal was to study the 2.1 ȝm infrared emission from Ho3+ in an optical system co-doped with 
Yb3+. The host where the two ions are embedded is the monoclinic potassium lutetium double tungstate 
((Ho,Yb):KLu(WO4)2 here after (Ho,Yb):KLuW)). KLuW crystals crystallize in the monoclinic system with space 
group C2/c and point group 2/m. The cell parameters are a = 10.576 (7) Å, b = 10.214 (7) Å, c = 7.487 (2) Å and ȕ=
130.68 (4)° [7]. 
In this work, we present the growth and spectroscopy of (Ho,Yb):KLuW crystals showing their potential as a 
solid state laser material around 2ȝm. 
2. Experimental details 
To grow the single crystals we used the Top Seeded Solution Growth Slow Cooling (TSSG-SC) method using a 
vertical tubular furnace with kanthal wire as heating element and an Eurotherm903P temperature 
controller/programmer with thermocouples to control the temperature. The powder precursors were K2CO3, WO3,
Lu2O3, Ho2O3 and Yb2O3 with analytical grade of purity. We mixed them stoichiometrically, so that the solution had 
a binary composition of 12mol% (Ho,Yb):KLuW as solute and  88 mol% K2W2O7 as solvent. The seed was rotated 
during the growth process to ensure the presence of a forced convective flow near the crystal in order to enhance 
mass and heat transport conditions in the solution to avoid inclusions during the growth process and no pulling was 
applied.  
Taking into account the high anisotropy of the monoclinic KLuW crystals [6], the samples were cut and polished 
along the principal optical directions, namely Ng, Nm and Np as parallelepipedic prisms with faces perpendicular to 
the principal optical axes. A Cary Varian 500 spectrophotometer was used to measure the optical absorption and 
emission spectra were recorded using a Ti:Sapphire laser as pump source and the luminescence was collected to a 34 
cm Jobin –Yvon monocromator. Three kind of diffraction grating elements namely 300 groves/mm , 600 groves/mm 
and 1200 groves/mm were used for dispersion of the fluorescence depending on the wavelength range to be 
detected. For detection of 2 ȝm emission we used a cooled InAs detector which was connected to a preamplifier and 
to a lock-in amplifier. For visible measurement a PMTR928 photomultiplier tube was used and for near infrared 
emission a cooled R5509-72 photomultiplier was used. A computer was used to store the data for final processing.  
3. Result and discussion 
Macro-defect free single crystals with different co-doping ratios were grown by the  TSSG- SC method as  
mentioned earlier.To obtain the single crystals, 200 g of the power mixture were introduced in a platinum crucible of 
50 mm in diameter and 50 mm in height, that was inserted in the vertical tubular furnace. The axial temperature 
gradient in the solution was ~1.5 – 2 K/cm. The seeding process was realized with a b crystallographic oriented seed 
located at the centre of the surface of the solution. After accurately determining the saturation temperature by 
observing the growth and dissolution of the seed in contact with the surface of the solution, the crystals grew 
without pulling due to the super-saturation created by slow cooling at the rate of 0.1K/h for ~20K. After the crystals 
grew, they were removed slowly from the solution and kept above its surface while the furnace was cooled to room 
temperature at a rate of 25K/h to avoid thermal shock of the crystals.  The growth methodology is described in a 
more detailed way in a previous work [8]. 
Table 1 gives the summary of the grown crystals. The saturation temperature is in the range of 1168 – 1182 K. 
The cooling rate was fixed at 0.1K/h because this rate was sufficient enough to ensure high quality crystals. The 
weight of the crystals ranges from 4.40– 8.44g   The growth rate of the co-doped (Ho,Yb):KLuW crystals was in the 
range of 226 – 356 x 10 -4 g/h and it is inferred that the growth rate increases with increasing the dopant 
concentration except the first crystal. The dimension of the crystals were typically 17 – 19 mm, 9 – 15 mm and 5 – 8 
mm along the c, a* and b crystallographic directions, respectively. The quality of the grown crystals was good. 
Figure.1(left) shows the photograph of co-doped 0.5 at. %Ho 0.5 at. % Yb:KLuW single crystal as an example 
and Figure.1(right) shows the morphological scheme of the grown crystals. From the morpholical scheme it is also 
inferred that the (Ho,Yb):KLuW crystals follows the same morphology as that of undoped KLuW[7] crystal which 
is formed by the {110}, {-111}, {010}, and {310} faces.  
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Table 1: Summary of crystals grown in this work
Crystal dimension 
[mm] 
at. % 
Ho
at. % 
Yb
Saturation 
temp. 
 [K] 
Cooling 
interval 
[K] 
Crystal
weight[g] 
Growth 
rate x 10-4
[g/h] c a* b 
0.5 0.5 1168.05 23.6 5.85 248 17.87 10.18 7.80 
0.5 2.5 1164.55 19.5 4.40 226 18.21 9.75 6.77 
1.5 2.5 1182.65 23.8 5.61 236 17.34 9.55 6.89 
2.5 2.5 1177.25 17.0 5.27 310 18.61 10.90 5.10 
3.5 2.5 1173.30 19.5 6.58 338 15.77 13.51 6.62 
3.5 3.5 1174.10 21.0 7.45 355 19.08 12.03 6.09 
3.5 5.0 1178.75 23.7 8.44 356 17.21 14.84 7.08 
                      
Figure 1: Left: Photograph of (Ho,Yb):KLuW crystal; right: Morphological scheme of the grown crystal.
Figure 2 shows the room temperature absorption coefficient in the 300 –2400 nm range, with polarized light 
parallel to the Nm principal optical axis for the 1.5at.%Ho2.5at.%Yb:KLuW crystal. Only one polarization is shown 
for the sake of clarity. The labelled manifolds were associated with the transition from ground state to the higher 
excited states of  Ho3+ and Yb3+, respectively. 
Figure 2 :  Polarised optical absorption spectra of the (Ho,Yb):KLuW        Figure 3:  Polarised optical absorption (Ho,Yb):KLuW           
in the 300 – 2200 nm range for E//Nm.                         in the 900– 1050 nm range.                                                               
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Figure 3 shows the absorption coefficient in the 900- 1050 nm range. It shows that the absorption of Yb3+ is 
rather broad and this makes the requirement for the pump source to be less strict in terms of line-width, so that diode 
pump could be perfectly used for laser action.  
Absorption, emission and gain cross section calculations were carried out for single doped 5at.% Ho:KLuW and 
the relevant details can be found in a previous work [9]. Net gain indicates that laser oscillation is possible and is 
especially high for 2060 nm for Nm polarization, where we found a sharp maximum in the gain curves. The 
difficulties to achieve laser emission in these crystals will be: firstly, the high threshold due to the energy transfer 
process and the quasi-three level nature of this IR transition in Ho3+ ions; and secondly the losses due to 
upconversion processes.  
Figure 4 : Energy level scheme of the codoped (Ho3+,Yb3+) system            Figure 5 : 2 ȝm emission from Ho3+ after  excitation  
                                                                                                                       of Yb3+ at 980nm. 
The generation of the emission channels from the (Ho,Yb):KLuW system is well explained with the help of the 
energy level scheme shown in Figure 4. After excitation of ytterbium at 2F5/2 level, part of the energy is transferred 
to populate the holmium 5I6 level. As soon as this 5I6 level gets populated, two different ways of electronic 
depopulation occur. The first way is the population (up-conversion) of the 5S2 level by excited state absorption 
(ESA) process and the second way is the depopulation (down-conversion), which is the generation of 1.2 micron 
emission and also, the population of lower 5I7 level via non-radiative mechanism. This 5I7 is the emission level from 
where the 2ȝm emission occurs. A second excited state absorption also occurs from 5I5 level (populated via multiple 
non-radiative multiphonon decay processes from 5S2 level), since the energy difference between 5I5 and 5F2 level is 
almost resonant to the pump, which makes the 5F2 level populated. Both up-converting processes lead to populate 
the 5S2 level, from where a very high green fluorescence is emitted. The blue fluorescence emission is from the 5F3
level. The red fluorescence emissions are from the 5S2 and 5F5 levels. The mechanism of energy transfer from Yb3+
to Ho3+ has been also reported in other hosts [10,11]. 
The photoluminescence was done out by exciting the crystals at 980 nm using a Ti:Sapphire laser as pump source 
for the 1.5at.%Ho2.5at.%Yb:KLuW crystal and the emission channels were detected as mentioned earlier. Figure 5 
shows the 2 ȝm emission which is of our interest and the transition is from 5I7  to 5I8 level of Ho3+. Figure 6 shows 
the ~1.2 ȝm which is the transition from  5I6  to 5I8 level of Ho3+. Figure 7 shows the visible emissions from Ho3+
with a clear domain of the green emission.  
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Figure 6 : 1.2 ȝm emission from Ho3+ after excitation                              Figure 7 : Visible emissions from Ho3+ after excitation  
of Yb3+ at  980nm.                                                                                      of Yb3+ at  980nm. 
5. Conclusions 
In summary, we have successfully grown macro-defect free (Ho,Yb):KLuW single crystals at several co-doping 
ratios by the TSSG–SC method. The spectroscopic characterisation of this material in terms of polarized optical 
absorption and photoluminescence was performed showing that it is a potential solid state laser material for the 
generation of 2 ȝm emission. Our future work is devoted to laser generation at 2ȝm wavelength with diode or Ti: 
Sapphire laser pumping. 
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